BACKGROUND: Salicylic acid (SA) is a phenolic-endogenous plant hormone and its ameliorative effects against abiotic stresses have been well documented. OBJECTIVE: To evaluate the influence of salinity and SA on enzymatic and non-enzymatic antioxidants responses of 'Selva' strawberry plants with respect to the time of SA application. METHOD: Well-rooted daughter strawberry plants cv. Selva, were potted in 3 L plastic pots and after their establishment, were sprayed with 0.5 or 1.0 mM salicylic acid solutions one week before, during or one week after being exposed to 40 mM NaCl salinity. Experiments were carried out as bi-factorial in a completely randomized design. RESULTS: The activities of superoxide dismutase and glutathione reductase increased by both salinity and SA treatments. The highest antioxidant enzymes activity was observed in plants treated with SA one week before being exposed to salinity stress. These plants had both higher proline and glycine betaine contents and lower protein degradation. CONCLUSION: Before being exposed to salinity stress, treating strawberry plants with salicylic acid probably by improving their antioxidant systems will prepare them to cope better with the deleterious effects of salt stress.
Introduction
Soil salinity is a serious threat to global crop production. More than 20% of cultivated land is affected by salinity worldwide and due to climate changes; the world area affected by salinity is expected to increase [1] . Salt stress can lead to stomatal closure, which reduces CO 2 availability in the leaves and reduces photosynthetic carbon fixation, exposing chloroplasts to photodynamic damages which in turn increases the generation of reactive oxygen species (ROS) such as superoxide, hydrogen peroxide (H 2 O 2 ), hydroxyl radicals and singlet oxygen [2] . Reactive oxygen species are highly oxidative and can cause cellular damages through oxidation of lipids, proteins and nucleic acids [3, 4] .
Salicylic acid is a seven carbon containing, naturally occurring phenolic compound which is synthesized endogenously and acts as a signaling molecule in plants. The role of SA in provoking salinity tolerance mechanisms in plants has been well established for many crops [5, 6] . Salt stress damages to a SA-deficient NahG transgenic Arabidopsis line, has been attributed to its diminished antioxidant enzymes activities [7] . Karlidag et al. [8] reported adverse influences of salt stress on growth, leaf chlorophyll content and mineral uptake of strawberry plants. They concluded that the exogenous SA treatments did not completely reverse the deleterious effects of salt stress on the growth of strawberry plants. However, foliar application of 1 mM SA solution improved plants tolerance to salinity as compared to control. SA application on 'Camarosa' strawberry plants ameliorated the deleterious effects of salt stress on membrane permeability and chlorophyll contents [9] . Application of 0.01 mM SA solution to tomato plants by root drenching, has attenuated the depressive effect of salinity on plants which resulted in higher plants growth and development, higher photosynthetic pigments and also higher K + contents [10] .
Strawberry plant is classified as one of the most salt-sensitive crops with varying degrees of tolerance among its cultivars. Salinity causes leaf edge burn and necrosis, nutrient imbalance, specific ion toxicity, reduction in fruit quality and yield, and potential plant death under long duration of salinity stress conditions [11, 12] . In most studies, with respect to the induction of salinity tolerance by SA, the temporal aspects (prior, simultaneously or after stress initiation) of its applications have not been studied. The aim of the present study was to evaluate the importance of temporal SA application on alleviating the influence of salinity stress on 'Selva' strawberry and to determine the time when the maximum beneficial effects of exogenous SA could be achieved.
Materials and methods

Plant growth conditions and treatments
Uniformly rooted daughter strawberry plants cv. Selva were potted in 3 L plastic pots filled with peat moss and perlite (1:1). After the initiation of plants growth (week7), those with four or five fully expanded leaves, based on the following treatments, were divided into 10 groups: 1. Control (C), sprayed with distilled water, 2. Plants exposed to 40 mM NaCl salinity stress (the concentration of NaCl salinity was chosen according to the previous study. This NaCl concentration could impose salinity stress but did not cause plant death) and sprayed with distilled water (NaCl alone), 3. Plants sprayed with 0.5 mM SA solution under non-stress conditions (SA0.5), 4. Plants sprayed with 1 mM SA solution under non-stress conditions (SA1), 5. Plants sprayed with 0.5 mM SA solution 7 days before exposing them to 40 mM NaCl salinity stress (SA0.5−→NaCl), 6. Plants sprayed with 1 mM SA solution 7 days before treating them with 40 mM NaCl salinity stress (SA1−→NaCl), 7. Plants sprayed with 0.5 mM SA solution during (simultaneously with initiation of salt stress) their exposure to 40 mM NaCl salinity stress (SA0.5-NaCl), 8. Plants sprayed with 1 mM SA solution during (simultaneously with initiation of salt stress) their exposure to 40 mM NaCl salinity stress (SA1-NaCl), 9. Plants exposed to 40 mM NaCl salinity and after 7 days were sprayed with 0.5 mM SA solution (NaCl−→SA0.5) and 10. Plants exposed to 40 mM NaCl salinity and after 7 days were sprayed with 1 mM SA solution (NaCl−→SA1).
Plants were kept under natural light (>800 mol.m −2 ·S −1 ) in the greenhouse. The average day and night temperatures were 21 ± 2/17 ± 2 • C. Relative humidity was about 60 ± 5%. Until full growth, plants were fertigated with 150 mL (this volume of nutrient solution was chosen with respect to RH, average temperature, sunlight and pots size) of 1/2 strength Hoagland nutrient solution and then after full establishment of plants with 150 mL of 1strength Hoagland nutrient solution once a day. Excess nutrient solutions were allowed to pass through the containers to ensure salt stress in the root medium at a given concentration, also to avoid anoxia by water logging. Fully expanded and mature leaves were used for measurements. Bulk samples were analyzed (one leaf from each pot).
On day 6 of the 1st week, leaves samplings were started and on the following day, plants in groups 3, 4, 5 and 6 were sprayed with SA. On day 6 of the 2nd week, the second round of leaves samplings were carried out and on the following day (day 14th), plants in groups 7 and 8 were sprayed with SA solution. From day 14th onwards salt treatment was started for groups 2, and 5-10 by adding 40 mM NaCl to Hoagland nutrient solution and was continued till the end of experiment. In order to avoid precipitation, nutrient solution was stirred after NaCl addition. On day 6 of the 3rd week, the third round of sampling was carried out, and on the following day (day 21st after the start of the experiment), groups 9 and 10 were sprayed with SA. On day 7 of 4th week, the fourth round of sampling was carried out. Control plants received only Hoagland nutrient solution and water spray.
Biochemical analyses
For enzyme extraction, fresh leaves (0.5 g) were ground to fine powder in liquid nitrogen with mortar and pestle and then homogenized in 2 mL extraction buffer containing 10% (w/v) polyvinyl pyrrolidone (PVP) in 50 mM potassium-phosphate buffer (pH 8), 0.1 mM ethylene diamine tetra acetic acid (EDTA) and 1 mM dithiothreitol (DTT). The homogenate was centrifuged at 15000 × g (4 • C) for 30 minutes. The supernatants were used for enzymes analyses.
Glutathione reductase (GR, EC 1.6.4.2) activity was determined by following the rate of glutathione oxidation or GSSG-dependent NADPH oxidation by the decrease in the solutions absorbance at 340 nm. The assay mixture (1 mL final volume) was composed of 0.4 M potassium phosphate buffer (pH 7.5), 0.4 mM Na 2 EDTA, 5.0 mM GSSG and 100 L of crude extract. The reaction was initiated by the addition of 2.0 mM NADPH. Corrections were made for the background (reaction mixture without NADPH) absorbance at 340 nm. Enzyme activity was expressed as units (mol of NADPH oxidized per minute) per milligram of protein [13] .
Superoxide dismutase (SOD, EC 1.11.1.5) activity was assayed according to Dhindsa et al. [14] . One mL of the reaction mixture contained 13 mM methionine, 25 mM nitro-blue tetrazolium chloride (NBT), 0.1 mM EDTA, 50 mM phosphate buffer (pH 7.8), 50 mM sodium carbonate and 0.1 mL enzyme extract. Reaction was started by adding 2 mM riboflavin and placing the tubes under two 15 W fluorescent lamps for 15 minutes. A complete reaction mixture without enzyme, with maximum color, served as control. Reaction was stopped by switching off the lights and keeping the tubes in dark. A non-irradiated complete reaction mixture served as blank. The absorbance was recorded at 560 nm, and one unit of enzyme activity was taken as the amount of enzyme that reduced the absorbance by 50% in comparison with reaction mixtures without enzyme. SOD activity was expressed as units per milligram of protein per minute.
Catalase (CAT, EC 1.11.1.6) activity was measured spectrophotometrically according to the method of Chance and Maehly [15] , by monitoring the decline in absorbance at 240 nm due to H 2 O 2 consumption. One mL of reaction mixture contained 50 mM potassium phosphate buffer (pH 7.0) and 15 mM H 2 O 2 . The reaction was initiated by adding 50 L of crude extract to this solution. CAT activity was expressed as units (molH 2 O 2 consumed per minute) per milligram of protein.
Peroxidase (POD, EC 1.11.1.7) activity was determined by Chance and Maehly [15] method. One mL of reaction mixture contained 13 mM guaiacol, 5 mM H 2 O 2 and 50 mM potassium phosphate buffer (pH 7). Increase in absorbance due to oxidation of guaiacol (extinction coefficient: 26.6 mM −1 ·cm −1 ) was monitored at 470 nm for a minute. Peroxidase activity was expressed as units (mol guaiacol oxidized per minute) per milligram of protein.
Ascorbate peroxidase (APX, EC 1.11.1.11) activity was measured spectrophotometrically according to Nakano and Asada [16] by following the decline in absorbance at 290 nm due to ascorbate oxidation. The oxidation rate of ascorbate was estimated between 1 and 60 seconds after starting the reaction with the addition of H 2 O 2 . One mL of reaction mixture contained 50 mM potassium phosphate buffer (pH 7), 0.5 mM ascorbate, 0.15 mM H 2 O 2 , 0.1 mM EDTA and 50 L of enzyme extract. APX activity was expressed as units (mol of ascorbate oxidised per minute) per milligram of protein.
Protein concentration was determined according to Bradford [17] by using bovine serum albumin as standard. Total phenolic content was determined with Folin-Ciocalteu reagent using gallic acid as standard. In brief, 1 g of leaf samples was placed in an Eppendorf tube, with 1 mL of methanol (80%), grinded at 4 • C and centrifuged (15000 × g) for 15 min. The extract was mixed with 0.5 mL of Folin-Ciocalteu reagent (diluted 1:1 with water) and then 1 mL of a 5% sodium carbonate solution was added. After 30 min, solutions absorbance were read at 725 nm and expressed as mg phenolic comounds·g −1 fresh weight.
Leaves proline content was determined by the method of Bates et al. [18] . Leaf segments were homogenized with 3% sulfosalicylic acid and the homogenate was centrifuged at 2500 × g for 20 min. The supernatant was treated with acetic acid and acid ninhydrin, boiled for 1 h and then the solutions absorbance were read at 520 nm. Leaves proline contents were expressed as mol·g −1 fresh weight. Proline amino acid was used as standard.
Glycine betaine was estimated according to the method of Grieve and Grattan [19] . The freeze-dried plant material was finely ground, mechanically shaken with 20 mL deionized water for 48 h at 25 • C. The samples were then filtered and the filtrates were diluted 1:1 with 2 M H 2 SO 4 . Aliquots were placed in centrifuge tubes and cooled in ice water for 1 h. Cold KI-I 2 reagent was added and the reactants were gently stirred with a vortex mixer. The tubes were stored at 4 • C for 16 h and then centrifuged at 15000 × g for 20 min at 0 • C. The supernatant was carefully aspirated. The periodide crystals were dissolved in 1, 2-dichloroethane and then the solutions absorbance were read at 365 nm using glycine betaine as standard. Glycine betaine content was ex-pressed as mol·g −1 fresh weight.
Total yield was determined by adding the weight of all fruits produced during 2 months (the duration of the experiments plus four more weeks) and expressed as grams per plant.
Experimental design and statistical analysis
The experiments were carried out as bi-factorial in a completely randomized design (10 treatments × 4 times measuring). Each treatment category was considered as a level of the first factor, that is 10 levels, and the second factor, that is time of measurement (all parameters were measured weekly for 4 weeks), with four replications with three pots in each replication. Data were analyzed by SPSS 16 (ANOVA test) and means were compared using Duncan's multiple range test at 5% probability level.
Results
Salinity caused a significant increase in the activity of all antioxidant enzymes. Activity of SOD, CAT, APX, POD and GR increased by 1.74, 1.37, 2.33, 1.62 and 2.45 folds respectively as compared to control. Application of 0.5 and 1.0 mM SA solution under non-saline conditions caused a significant decrease in CAT and APX activity (Table 1 ). Applying 0.5 and 1.0 mM SA one week before, during and one week after salt treatment did not have significant effects on plants CAT activity. Irrespective of concentrations and time of application, SA treatment increased plants SOD, GR and POD activities ( Table 1) . The highest antioxidant enzymes activity was observed 3 and 4 weeks after plants were treated with salinity or SA ( Table 2) . Maximum SOD, CAT and GR activities were observed in the 3rd or 4th week of the experimental period in plants treated with SA (irrespective of SA levels) one week before being exposed to salinity stress (Fig.1a, b, and d) . In week 2, the APX activity in plants, treated with either 0.5 mM or 1.0 mM SA and in those treated with 0.5 mM SA and then NaCl or with 1.0 mM SA and then NaCl treatment, the APX activity was decreased significantly (Fig. 1c) .
Leaves proline content increased significantly when plants were exposed to salinity or treated with 0.5 or 1.0 mM SA. The latter treatments caused about 30% rise in leaves proline content under non-saline conditions. The maximum amount of leaves proline content observed in plants treated with salinity plus 1.0 mM SA (Table 3 ). In week 3 or 4, the highest amount of leaves proline was found in plants treated with salinity and/or SA which was about 2.4 times higher than the amount was present in week 1 (Fig. 2a) .
The amount of leaves glycine betaine content in plants treated with salinity alone was up to 34% higher than in control. Similar increase in the leaves glycine betaine content was observed in plants treated with SA (0.5 or 1.0 mM) alone. However, the rise in leaves glycine betaine was even higher in plants treated with salinity z Means followed by the same letters within columns are not different at 5% probability using Duncan's test. All data indicated
Mean ± standard error (n = 4). Table 2 The activity of some antioxidant enzymes in 'Selva' strawberry plants under 40 mM NaCl saline and non-saline conditions with respect to the times of analyses z Means followed by the same letters within columns are not different at 5% probability using Duncan's test. All data indicated Mean ± standard error (n = 4).
and sprayed with 0.5 or 1.0 mM SA (Table) . Leaves glycine betaine in week 3 or 4 was significantly higher than in week 1 or 2 (Table 4) . Spraying plants with 0.5 or 1.0 mM SA solutions without salt treatment, caused a progressive increase in leaves glycine betaine content up to day 10 and then started to decrease. The maximum amount of leaves glycine betaine content was observed in week 3 or 4 in plants treated with 0.5 mM SA treatment and then NaCl, although the amount was not statistically different from the one observed in week 3 or 4 in plants treated with SA one week before, during or one week after salt treatment (Fig. 2b) . Leaves total polyphenols increased up to 28% in salt treated plants. Spraying plants with 0.5 or 1.0 mM SA solution under non-saline conditions increased this parameter, in comparison to control. The maximum amount of leaves total polyphenols was observed in plants treated with 0.5 or 1.0 mM SA and then NaCl (Table 3) . Leaves total polyphenols, was significantly higher in week 3 or 4 than in week 1 or 2 ( Table 4 ). The highest amount of leaves polyphenols (25.11 mg. g −1 FW) was observed in week 3 in plants treated with 0.5 mM SA and then NaCl. However, the amount was not statistically different than in week 3 or 4 in salt-stressed plants sprayed with SA (0.5 or 1.0 mM) at all application times (Fig. 2c) .
Leaves protein content decreased significantly (about 11%) in plants exposed to salinity. However, under non-saline conditions, spraying plants with0.5 or 1.0 mM SA solution, caused an increase in leaves protein content. Under saline conditions, SA application one week before or simultaneously with the initiation of salinity treatment, reduced leaves protein degradation (Table 3 ). This SA effect was significantly higher in week 2 of the experimental period (Table 4) . In week 4, salt-stressed plants sprayed with SA (0.5 or 1.0 mM), one week before or simultaneously with the initiation of salt stress, their leaves protein was not significantly different from control (Fig. 2d) . Table 3 Effects of 0.5 or 1.0 mM SA solution on leaves proline, glycine betaine, polyphenols and proteins contents in strawberry 'Selva' plants grown under 40 mM NaCl saline or non-saline conditions z Means followed by the same letters within columns are not different at 5% probability using Duncan's test. All data indicated Mean ± standard error (n = 4). Maximum plant productivity occurred in plants treated with 0.5 mM SA solution. Plants exposed to salinity but not sprayed with SA, their productivity was reduced by 50%. The productivity of plants under salt stress but sprayed with SA was also reduced. However, the reduction was still less than those exposed to salt stress but sprayed with distilled water (Fig. 3) . Table 4 The leaves proline, glycine betaine polyphenols and proteins contents in 'Selva' strawberry plants grown under 40 mM NaCl saline and in non-saline conditions, with respect to the time of analyses z Means followed by the same letters within columns are not different at 5% probability using Duncan's test. All data indicated Mean ± standard error (n = 4). Fig. 3 . Total fruits yield. Columns with the same letters represent means not differing at 5% probability using Duncan's multiple range test.
Vertical bars indicate standard error (n = 4).
Discussion
The increase in the activity of SOD, APX, GR, CAT and POD in plants exposed to salt stress has been reported by various authors for different plant species [20, 21] . The production of ROS in plants under salt stress is well documented [22] . Plants have developed some complex enzymatic and non-enzymatic antioxidant systems to cope with the damages incurred by ROS. Demiralay et al. [23] have reported an increase in the activities of CAT and APX in Ctenanthesetosa plants under osmotic stress conditions. Similar reports were given by Szepesi et al. [24] who showed an increase in CAT activity in the roots of salt stressed tomato plants. Increased activation of antioxidant enzymes can improve salt tolerance by their actions in scavenging ROS [25] . In our study the activities of SOD, GR and CAT increased following SA treatments. Similarly, it has been reported that the activities of CAT and APX have increased following the application of SA solution as spray on maize plants grown under saline conditions [26] . Also, the activity of GR has stimulated by SA in vivo, when applied exogenously on maize plants [27] . Tobacco plants growing in vitro in the presence of 0.01 or 0.1 mM SA showed increased GR activity in their shoots. In our study, SA decreased the activities of CAT and APX under non-saline conditions. These results are in agreement with previous studies as this hormone is capable of binding to CAT and APX enzymes, inhibiting their activities leading to increased ROS levels which will act as a secondary stress signal to enhance the activities of other antioxidant enzymes [28] .
In agreement with other studies [29] , in the present investigation, salinity and/or SA spray, caused an increase in leaves proline and glycine betaine content. Osmolytes accumulation such as proline and glycine betaine is considered as an adaptive mechanism in plants under osmotic stress [30] . Also, SA application is known to increase plants endogenous proline content by inducing its de novo synthesis [31, 32] . Hoyos and Zhang [33] showed that induction of glycine betaine synthesis by SA could be due to the activation of a protein kinase under osmotic stress. The amount of leaves polyphenols increased after plants exposure to saline conditions and/or SA spray. Increase in polyphenols under saline conditions is considered as plants protective reaction against abiotic stresses [34, 35] .
Effects of temporal application of SA were also significant, as plants treated with 0.5 or 1.0 mM SA and then NaCl, had higher shoot fresh weight, chlorophyll content, leaf area, number of inflorescences, total fruits polyphenols (data not shown), SOD and GR activities as compared with plants treated with SA solution (0.5 or 1.0 mM) one week after salt application. In our previous study, in these plants shoot N content was significantly higher and shoot Cl accumulation was lower than control [36] . According to the findings of Mutlu et al. [37] SA effect on plants physiological responses is time dependent. They reported that the application of 0.1 mM SA decreased freezing injury in two barley varieties for at least 24 days. After SA application a period begins during which plant are more tolerant against abiotic stresses and this can be due to: 1. A more vigorous plants antioxidant response to stresses. Increased levels of enzymatic and non-enzymatic antioxidants can protect plants against the damaging effects of ROS more efficiently. 2. Changes in mineral absorption. It has been hypothesized that alteration in mineral uptake by SA application might be one of the mechanisms responsible for the alleviating effects of SA on salt stress [8] . SA-mediated restoration of membrane potential and prevention of salt-induced K + -loss via a GORK channel, and eventually improved salinity-tolerance has been evinced in A. thaliana [38] . In long term treatments, SA increased shoot K + and decreased shoot Na + contents. SA pretreatment ameliorates salinity stress by counteracting NaCl-induced membrane depolarization and by decreasing K + efflux [38] . In our study, highest K/Na ratios in shoots or roots were observed in plants grown under non-stress conditions and sprayed with 1.0 mM SA solution (data not shown here). Also plants treated with SA and then with NaCl had greater leaf relative water content and yield and lower leaf electrolyte leakage compared with plants treated with NaCl and then with SA. Application of SA solution (1.0 mM) one week before initiation of salt stress resulted in greater root Mg and shoots Ca concentrations in comparison to NaCl and then SA1.0 treatment [36] . The higher concentrations of essential elements such as N, K, Ca and Mg in different parts of plants pretreated with SA can eventually mitigate some of the injuries induced by increased Na and/or Cl ions. 3. Possible effects of SA on other endogenous plants hormones. Szepesi et al. [39] reported that SA may induce and elevate the biosynthesis of polyamines in SA-pretreated-tomato plants which were under the influence of saline conditions. After SA application, plant becomes more salt tolerant. So when this increase in salt tolerance is achieved before the stress initiation, the possibilities of salt-induced injuries become less likely. Application of SA after stress initiation may also help the plants, but since the stress has already harmed the plants, SA application may help to maintain the current conditions, prevent further damages and even induce some recovery.
